Abstract-The development of visible emissions from an exploding mercury jet, which could be used as a unique high current opening switch, have been detailed. Framing pictures have verified that the expanding luminous front produced by the exploding jet maintains its cylindrical symmetry throughout the most intense period of visible emission. The luminous front expands at a constant rate of 5 x lo3 m/s over the z 300 ns interval during which the explosion occurs. Afterwards, the expansion rate is a nearly constant 1.5 x lo3 m/s. Consideration of the Bennett-pinch condition suggest that this velocity can be used to estimate an iouheutral temperature of 18000 K. Temperatures have been calculated from temporally and spatially resolved spectra. At the onset of the explosion, spectral emissions approximating blackbody radiation yielded a temperature of ~7 2 0 0 K. Line emissions were used to determine the radial temperature prome. Temperature measurements were used to estimate the percent ionization in the plasma column.
I. INTRODUCTION
NDUCTIVE ENERGY storage systems are attractive in I pulsed power applications because of their high energy density, which allow energy to be stored in a small volume close to the load. Exploding wires and foils have been used as fast opening switches in such systems. The switching is done by ohmically heating the wire/foil until it vaporizes (explodes), interrupting the current. Ideally, the explosion should occur when the amount of stored magnetic energy is a maximum, i.e., when the current through the wire/foil is a maximum. To prevent the switch from closing prematurely, the energy dissipated in the switch should be no more than is required for complete vaporization of the wire/foil [ 11. The self-destructive nature of the switch is a great disadvantage in multi-shot applications, where the repetition rate is determined by how fast the conductor can be replaced [2] , [3] . Repetition rate is not a problem when a liquid metal jet is used in place of exploding wires.
Properties of the plasma column formed by the exploding jet are important, since they may influence the maximum hold off voltage achieved and the time for which the switch remains open. In this paper we detail the development of visible emissions from the exploding jet. Streak camera pictures have been used to determine expansion velocities, and framing Manuscript received July 27, 1994; revised December 9, 1994. pictures have verified the cylindrical symmetry of the expanding plasma column. Temporally and spatially resolved spectra from the exploding mercury jet are presented. Temperatures have been calculated for spectral emissions approximating blackbody radiation and for emissions dominated by atomic line radiation.
II. EXPERIMENTAL ARRANGEMENT
The experimental arrangement is shown in Fig. 1 . In the configuration used for this work, a pressurized mercury reservoir delivered a 0.5 mm diameter jet of mercury through a molybdenum nozzle to a pool of mercury below the nozzle. The jet length was set to 3/4 in (1.9 cm). The entire jet and pool of mercury were contained in a 10 in (25.4 cm) diameter
Plexiglas cylinder under a 1 atm pressure of dry nitrogen. The plates of a 6.7 pF capacitor were connected to the nozzle and pool, with appropriate relays in place to allow for the charging of the capacitor, and its discharging through the mercury jet. The capacitor charging voltage was 3.5 kV and the inductance of this configuration was 1.7 pH. A Rogowskii coil was used to measure the time rate of change of the current (dI/dt) and the voltage across the jet was measured with a Tektronix model P6015A high voltage probe. All of the signals were captured with a Tektronix model 2440 digital oscilloscope.
A lmm thick sapphire window was placed in the wall of the Plexiglas containment cylinder to allow optical transmission well below 300 nm, and quartz lenses were used to focus an image of the exploding jet onto the entrance slit of a grating spectrometer. The detection system was an EG&G model 1640 OMA III optical multichannel analyzer with a model 1420 gateable detector. This allowed an entire spectrum to be captured on a single discharge. The trigger delay and gate width were continuously variable. The response of the optical system was calibrated with a standard lamp. A photodiode was placed outside the Plexiglas containment cylinder to follow the temporal development of emissions from the exploding jet. Streak and framing pictures were obtained with an MACON 790 Streak and Framing camera.
HI. RESULTS AND DISCUSSION
The electrical characteristics of the exploding jet are shown in Fig. 2 . The Explosion of the jet occurs near a current of 10 kA. The explosion is marked by the decrease of current and a sharp increase in the voltage across the jet. At the is assumed to be due primarily to circuit geometry and is treated as a constant. A point by point subtraction of La dI/dt from the voltage trace removed that part of the voltage due to the inductive component. The corrected voltage has a peak value of 6700 kV and a FWHM of 0.6 ps. This corrected voltage was then used to calculate the resistance shown in Fig.  2(a) . Explosion of the jet does not open the circuit completely because the current is not switched into a load. The power (P = 12R) and energy (E) deposited in the jet are shown in Fig. 2(b) . As expected, the peak in the power curve coincides with the peak resistance of Fig. 2(a) . Given the initial mass of the jet, a straight forward calculation places the energy necessary to fully vaporize the jet at approximately 17 J.
Framing pictures of the exploding jet, Fig. 3 , show that the luminous discharge is cylindrical from the time of the explosion until the current has decreased to zero. Times beyond the zero current crossing are not of interest, since all of the current would be shifted to a load in switching applications. Streak pictures (Fig. 3) show that the jet expands radially at a constant velocity of 5 x io3 m/s for a time interval of approximately 300 ns, the start of which coincides with a sharp dip in the time rate of change of the current and an increase of the jet resistance from 0.04 R to 0.78 R, shown in magnitude. This is near the time of peak intensity in the visible emission, as can be seen in the photo-diode trace of Fig. 20) . This luminous column then continues to expand at a slower rate of approximately 1.5 x lo3 d s . The visible emissions decrease in intensity as the current approaches the first zero crossing. Since the initial mass of the jet is known, the volume of the luminous region can be used to estimate the density of the jet as a function of time, shown in Fig. 2@ ).
Time resolved spectral measurements required repeated discharges at the same conditions, and concerns over the reproducibility of the discharge had to be addressed. Over the course of approximately 300 discharges, the magnitude of dlldt only varied by approximately 5%. The same was found true of the time occurrence of the sharp dip in dlldt corresponding to the explosion of the mercury jet. The cylindrical symmetry reported was seen in all of the framing pictures taken (a total of 50). This indicates, at least macroscopically, that the discharge is reproducible. To achieve temporal resolution the entrance slit of our spectrometer was placed at the center of an image of the exploding jet. The 6mm entrance slit was aligned parallel to the axis of the jet. A sequence of shots were taken with a detector gate width (time window) of 200 ns. The delay generator allowed this window to be "stepped" completely through the time during which emissions were seen with the photo-diode.
Excerpts from these spectra are shown in Figs. 4 and 5, with the corresponding time windows shown at the top of Fig.  2(a) . Emission spectra acquired just prior to and coincident with the sharp dip in dI/dt are shown as traces A and B, 0.00 ~1 1 / 1 1 1 1 , 1 1 1 1 1 1 1 1 1 / 1 1 1 1 1 1 / 1 1 1 1 ( 1 1 1 1~ 5 ) were recorded at progressively later times in the discharge, with trace E almost coincident with the zero current crossing [ Fig. 2 (a) ]. As the discharge progresses, the spectra develop more pronounced line features. Late in the discharge (trace E), the spectra is almost entirely composed of line features, with comparatively little continuum. Spectroscopic estimates of the temperature were made in the time windows covered by traces A, B, and E. Blackbody distributions were fit to traces A and B via a least squares nonlinear fitting algorithm, with the results shown as dotted lines in Fig. 4 . This technique is equivalent to the multi-color method that has been applied in previous studies of exploding wires [4] . The fits yielded blackbody temperatures of 7128 K and 7306 K for traces A and B, respectively. Disagreement at the short wavelengths is due to inaccuracies in the calibration of instrument response at these wavelengths. These wavelengths were not used in determination of the blackbody fits. Although the blackbody temperatures are comparable for traces A and B, the differing intensities can be accounted for by expansion of the radiating vapor, which presents a larger radiating surface to the detector. Determination of temperature from traces C and D is not a trivial matter, since calculations for continuum emission from a plasma haven't been extended to mercury. The optical depth of the luminous column must also be considered. At early times, the condition of optical thinness certainly cannot be assumed, as indicated by trace B. However, late in the discharge (trace E) the volume of the plasma has increased by a factor of five and the assumption of optical thinness may very well be correct. Taking this into consideration, spatially and temporally resolved spectra were acquired for the time window of trace E and an Abel inversion was used in conjunction with the line ratio method to yield the radial temperature profile of the plasma column. Under the conditions of negligible self absorption and local thermodynamic equilibrium, temperature is related to the ratio of atomic line intensities (for lines that have a common lower state) by the expression
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where k~, is the Boltzmann constant, T is the temperature, E is the energy of the upper state, X is the wavelength arising from the transition to the lower state, N is the total intensity integrated over the line profile, A is the transition probability (Einstein A coefficient), and g is the statistical weight of the upper state [5] . The primed quantities are defined in the same way for a second atomic line with a different upper energy level. The Abel inversion is a mathematical technique that utilizes the cylindrical symmetry of the radiating plasma. It requires line-of-sight measurements of intensity at different positions across the image of the cylindrical plasma. The end result is that local emissivities can be used in (1) in place of the total intensity and a radial temperature profile can be obtained.
Application of this technique requires prior knowledge of the gA products and atomic lines that are sufficiently resolved, or lacking in fine structure, to allow accurate fitting of the profiles and determination of areas. We chose the mercury lines at 296.7 and 404.7 nm, with tabulated values for gA of 22x lo8 and 36 x 10' s-l, respectively [6] . spectra were obtained by using quartz lenses to form an image of the plasma column and moving the entrance slit of the spectrometer, in 2 mm increments, along a line perpendicular to the axis of the discharge. At any single position, the general nature of the spectrum did not vary between discharges. There was a small (= 5%) variation in intensity. Spectra from 10 discharges were collected at each position and averaged to minimize the effect of variations in the spatial development of the plasma column. Plots of intensity verses position were made for the line profiles of interest. These curves were fit to polynomials and the technique presented in [7] was used to perform the Abel inversion. The resulting line profiles were used to calculate temperatures, as described in the preceding paragraph, yielding the radial dependence of the plasma temperature shown in Fig. 6 . The line ratio method is inherently limited by the accuracy to which the transition probabilities are known. Further, the close spacing of upper energy levels enhances the effect of errors in gA values on the calculated temperatures. The values used here are known to within 50%, and the resulting uncertainty in the temperature (x 30%) is shown by the error bars on Fig. 6 . A plasma column with uniform temperature of 2.1 eV (24360 K) is observed near the zero current crossing. Significant variations in uniformity may exist that are too small to be detected by this technique. It should also be noted that temperatures calculated by the line ratio method are atomic excitation temperatures, i. e. temperatures corresponding to equilibrium population of neutral atom electronic energy levels, and care must be taken when comparing these to temperatures measured by other means (e.g.. fit to a blackbody curve) [8] .
An estimate of iodneutral temperature can be made from the measured expansion velocity. As seen in the streak photographs, the expansion velocity after the explosion of the jet was a nearly constant 1.5 x lo3 m/s . l b o observations suggest that the plasma column is not constricted by the magnetic field of the large axial current. First, no contraction of the
plasma column is observed in the streak and framing pictures. Also, the Bennett-pinch condition [9] is orders of magnitude from being satisfied for the current, temperature, and density of this discharge. As an approximation, if we neglect the pressure of the ambient gas and assume free expansion of the plasma column, then equating kinetic energy to thermal energy (1/2 mV2 = 3/2 kT) yields a value of 18 000 K (1.56 eV) for the ionheutral temperature. This is smaller than the temperature determined from the line ratio method for the same time regime, which might be expected since the line ratio temperature is probably closer to the electron temperature (T,) than the ionheutral temperature.
The amount of ionization in the restrike phase of the discharge can be estimated from the kinetic theory of weakly ionized gases. Assuming that the important collision mechanisms are due to electron scattering on neutral atoms and taking a gas kinetic cross section of cm2, the conductivity (c) of a weakly ionized gas is given by where 77 is the fraction of atoms which are ionized and T, is the electron temperature in eV [lo]. The conductivity can be calculated from the resistance [ Fig. 2(a) ] using the relation c = (Z/RA), since the length (1) of the conduction channel is known from the initial geometry and the crosssectional area (A) can be estimated from streak and framing photographs. If the measured line ratio temperature is used as an approximation to the electron temperature, then 1% of the mercury atoms in the plasma column are ionized (presumed singly) at the time of trace E.
Though scaling behavior is not the focus of this paper, some mention of it is appropriate to allow comparison of this device to similar exploding wire devices. The largest hold off voltages [5-8 kV, Fig. 2 (b) ] have been obtained for currents of 10-12 kA, a jet diameter of 0.5mm, and jet lengths from 0.25 to 3 in. The jet length did not affect the time at which the jet exploded. For identical charging voltages, longer jets tended to increase the magnitude of the voltage spike. Both of these observations are consistent with results from exploding wire studies [ 11. The magnitude of the hold off voltage for the mercury jet has been found to be a strong function of the identity of the ambient gas species at one atmosphere pressure. When argon is used in place of nitrogen (or air), the magnitude of the hold off voltage decreases by approximately 40%. This is in sharp contrast to exploding wire results, where only a small decrease was seen at STP when argon was the ambient gas [l 11. This could be due to the reaction of excited mercury atomdions with oxygen and nitrogen. R o observations make his explanation seem plausible. The calculated vapor density is seen to fall below the density of air at STP (approximately 3 x 1019 molecules/cm3) while ionization is still present in the vapor column (recall from earlier discussion that the density shown in Fig. 2(b) is probably larger than the actual density). Also, a black powder residue has been found to collect in the containment chamber after multiple discharges. This powder has the dissolution and melting point properties of Hg2O. Insufficient quantities have been collected to test for nitrogen content. This observation suggest that a prudent choice of the ambient gas species could provide effective tamping for the exploding mercury jet. To date, the exploding mercury jet has been used with a spark gap to dump approximately 10 kA currents into a resistive load at a repetition rate of 58 kHz.
IV. SUMMARY AND CONCLUSIONS
The luminous front produced by the explosion of a mercury jet has been found to expand at a constant rate of 5 x lo3 d s over the M 300 ns interval during which the explosion occurs. Afterwards, the expansion rate is a nearly constant 1.5 x lo3 d s . For a freely expanding plasma column, this velocity corresponds to an ionheutral temperature of 18000 K. At the onset of the explosion, spectral emissions approximating blackbody radiation yielded a temperature of ~7 2 0 0 K. Absorption features were present in the continuum spectra from the exploding jet, indicating the presence of a relatively cold outer layer in the forming plasma column. For most of the duration of visible emissions, quantitative analysis of the emission spectra was not possible due to the mix of continuum and line features. Other spectral techniques (i.e., absorption spectra) will be necessary to elucidate plasma properties during this interval. After the peak in visible emission intensity, where line emissions were dominant, a measurement of the radial temperature profile revealed a plasma column at a nearly uniform temperature of 24360 K. The fraction of mercury atoms ionized (in the conduction channel) was calculated at to be approximately 1%. The device exhibited scaling behavior in agreement with that reported for exploding wire devices operated near 10 kA peak current. Results from discharges in different ambient gases at STP suggest that a prudent choice of ambient gas species may provide effective tamping.
